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Adipose-derived stem cell exosomal i

miR-21-5p enhances angiogenesis

in endothelial progenitor cells to promote bone
repair via the NOTCH1/DLL4/VEGFA signaling
pathway

Le Cao'", Kai Sun'f, Ran Zeng? and Haitao Yang'"

Abstract

Background Angiogenesis is essential for repairing critical-sized bone defects. Although adipose-derived stem cell
(ADSC)-derived exosomes have been shown to enhance the angiogenesis of endothelial progenitor cells (EPCs),

the underlying mechanisms remain unclear. This study aims to explore the effects and mechanisms of ADSC-derived
exosomes in enhancing bone repair by promoting EPC angiogenesis.

Methods Transmission electron microscopy, nanoparticle tracking analysis, and Dil reagent kit were employed

to identify ADSC-derived exosomes and their internalization by EPCs. Micro-CT analysis, H&E staining, and Masson
staining were used to assess bone mineral density (BMD), bone volume fraction (BV/TV), trabecular thickness (Tb.Th),
and trabecular number (Tb.N), as well as the pathological changes and fibrosis at defect sites. Cell viability, migration,
invasion, and tube formation of EPCs were evaluated using CCK-8, wound healing, Transwell, and tube formation
assays. Immunohistochemical staining, RT-PCR, and Western blotting were utilized to measure the gene and protein
expression of markers such as CD31, VEGFA, OCN, RUNX2, NOTCH1, and DLL4. Gene sequencing and bioinformatics
analyses were conducted to identify the most highly expressed miRNA in exosomes, while miRDB and dual-luciferase
reporter assays were used to explore the interaction between miR-21-5p and NOTCH1.

Results The ADSC-derived exosomes, averaging 126 nm in diameter, were internalized by EPCs. In vivo, these
exosomes promoted new bone formation, increased BMD, BV/TV, Tb.Th, and Th.N, reduced pathological damage

to cranial defect tissues, enhanced vascular and bone tissue regeneration, and upregulated OCN and RUNX2 expres-
sion. In vitro, ADSC-derived exosomes enhanced EPC viability, migration, invasion, and tube formation. Both in vivo
and in vitro experiments demonstrated that ADSC-derived exosomes upregulated CD31 and VEGFA expression. miR-
21-5p, the most highly expressed miRNA in ADSC-derived exosomes, was found to target NOTCH1. Overexpression
of miR-21-5p in these exosomes facilitated EPC migration, tube formation, and VEGFA expression while downregulat-
ing NOTCH1 and DLL4 expression. Inhibition of miR-21-5p produced opposite effects on EPCs.
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Conclusions These findings indicate that miR-21-5p in ADSC-derived exosomes promotes angiogenesis in EPCs
to accelerate bone repair by targeting the NOTCH1/DLL4/VEGFA signaling pathway, offering a potential therapeutic
strategy for bone defect treatment.
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Introduction

It is widely known that critical-sized bone defects
(CSBDs) refer to bone defects that are unable to spon-
taneously heal without intervention, which extremely
affects the quality of life of patients [1]. The successful
repair of CSBDs caused by trauma, tumor, infection, and
congenital malformation is still one of the existing thorny
conundrums in bone tissue engineering [2]. Although
traditional therapeutic methods have already made tre-
mendous progress in the clinical treatment of CSBDs,
there are still some blemishes of them. For instance,
autogenous bone grafts may cause a dilemma for their
clinical application due to secondary trauma generated
by reoperation, and allogeneic bone grafts usually possess
a worse biological activity owing to immunological rejec-
tion [3, 4]. In addition, there are some other intractable

issues for the clinical application of both autogenous
bone grafts and allogeneic bone grafts, such as the low
survival of transplanted cells, the low migration veloc-
ity of new bone tissue from the periphery to the center
of the scaffold, and the inhibition of the osteogenic dif-
ferentiation of cells [5, 6]. Angiogenesis plays an essential
role in maintaining sufficient blood supply in the pro-
gression of the repair of CSBDs, especially for the stage of
the formation of primitive callus. It was reported that the
deficiency of vascularization in the implanted bone tis-
sue is one of the leading factors to induce the inadequate
nutrition of bone tissue, thereby reducing the formation
of regenerated bone and limiting the repair of CSBDs [7,
8]. The neovascularization is responsible for transport-
ing oxygen, nutrients, various cell types, and cytokines
to the damaged site to promote the repair of CSBDs [9].
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Meanwhile, it has been discovered that osteocytes and
osteoprogenitor cells tend to accumulate near vascu-
lar endothelial cells at the site of new bone formation,
indicating that angiogenesis is also interdependent with
osteogenesis [10]. Therefore, it is extensively studied and
accepted that the importance of the regulation of angi-
ogenesis at bone defect sites in facilitating the repair of
CSBDs.

Adipose-derived stem cells (ADSCs), one kind of cells
extracted from adipose tissue with high proliferation and
multipotent differentiation potential, not only possess the
potential to differentiate into endothelial cells but also
promote the formation of new blood vessels by secret-
ing vascular endothelial growth factor and exosomes [11,
12]. Although the direct transplantation of ADSCs has
been shown to promote angiogenesis in ischemic areas,
the transplanted ADSCs also face some issues, such as
low survival rate, short residence time, and immune
rejection [13, 14]. The exosomes secreted by cells are
important mediators for intercellular information trans-
mission, whose inside contains lipids, nucleic acids,
and proteins [15]. The nucleic acids, such as messenger
RNAs (mRNAs) and micro RNAs (miRNAs), contained
in exosomes are internalized by receptor cells to regulate
gene expression and cellular behavior [16]. Meanwhile, it
has been indicated that the transplantation of exosomes
secreted by stem cells not only possesses the same pro-
moting effect on vascular production but also effectively
avoids triggering immune rejection reactions with the
host compared with transplanted stem cells [17, 18].
Although ADSC-derived exosomes have been proven
to promote endothelial injury repair and angiogenesis,
the related mechanisms are still unclear [19]. Therefore,
cell-free therapy based on exosomes, the preferred strat-
egy for promoting angiogenesis, is gradually becoming a
research hotspot. Endothelial progenitor cells (EPCs), the
precursor cells of vascular endothelial cells, not only pro-
mote angiogenesis by secreting angiogenic growth fac-
tors but also integrate themselves into newly developed
capillaries to stimulate angiogenesis [20]. Out of the pro-
motional ability of EPCs to angiogenesis, their applica-
tion scope in various orthopedic diseases is continuously
expanding, especially in areas particularly susceptible to
the blood supply, such as CSBDs, fractured tissue, trans-
planted tissue, and ischemic limbs [21, 22]. Although
previous studies have indicated that the co-cultivation
between ADSCs and EPCs contributes to promoting
the proliferation, migration, and vasoactivity of EPCs,
the dominant regulated factors and pathways for effects
exerted by ADSCs are still unclear [23].

Due to the crucial role of angiogenesis in CSBDs,
this study aims to investigate whether ADSC-derived
exosomes promote angiogenesis to repair cranial defects
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in vivo and the effects of ADSC-derived exosomes on
EPCs in vitro. Meanwhile, this paper also explores the
essential role of miR-21-5p in ADSC-derived exosomes
in affecting EPCs.

Materials and methods

Materials and reagents

The primary basic culture mediums of rat ADSCs and
EPCs were purchased from iCell Bioscience (Shanghai,
China). The 10% FBS without exosomes was obtained
from BioMed Biotech (Wuhan, China). The exosome
extraction kit was bought from KeyGen Biotech (Nan-
jing, China). The H&E staining kit, Masson staining kit,
and crystal violet staining solution were purchased from
Beyotime (Shanghai, China). The Lipofectamine 2000
reagent was provided by ThermoFisher Scientific (MA,
USA). The cell counting kit-8 (CCK-8) was bought from
Dojindo Laboratories (Kyushu Island, Japan). The Dil rea-
gent kit was provided by Umibio (Shanghai, China). The
Matrigel was purchased from BD Biosciences (California,
USA). The Trizol reagent and the BCA kit were bought
from Biosharp (Toronto, Canada). The reverse transcrip-
tion kit and the QPCR reaction kit were obtained from
YeShen Biotech (Shanghai, China). The GenSeq® Small
RNA Library Prep Kit was purchased from GenSeq
(Stockholm, Sweden). The primary antibodies of CD9
and CD63 (the exosomal markers), platelet/endothelial
cell adhesion molecule 1 (CD31), osteocalcin (OCN),
runt-related transcription factor 2 (RUNX2), and anti-
vascular endothelial growth factor A (VEGFA), anti-
neurogenic locus notch homolog protein 1 (NOTCH1),
and anti-Delta-like 4 (DLL4) were obtained from BIOSS
(Beijing, China), but the primary antibody of -actin was
provided by Serivicebio (Wuhan, China).

Cell culture

The rat ADSCs and EPCs were purchased from iCell
Bioscience Inc. (Shanghai, China), among which ADSCs
were employed for the extraction of exosomes, and EPCs
were adopted for the subsequent studies. ADSCs and
EPCs were cultured in the corresponding primary basic
culture medium supplemented with 10% FBS without
exosomes at 37°C and 5% CO,, respectively. The culture
medium of ADSCs and EPCs was replaced every two
days until their coverage achieved 80%. According to the
previous study, in the present study, EPCs and ADSCs
were respectively seeded in the lower chamber and upper
chamber of Transwell with a proportion of 2:1 for 48 h
to establish the co-cultivation system between EPCs and
ADSCs [24]. The co-cultivation system between EPCs
and ADSC-derived exosomes was created by directly
adding exosomes into EPCs.
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Extraction and identification of exosomes

The ADSC-derived exosomes were extracted in the light
of the previous study [25]. After the exosomes in the
supernatant of ADSCs were successfully extracted with
the help of an exosome extraction kit, the transmission
electron microscope (TEM) and nanoparticle track-
ing analysis (NTA) technology were respectively applied
to observe and determine the size and concentration
of exosomes and the Western blot approach was used
to determine the characteristic proteins of exosomes,
including CD9 and CD63.

Exosome internalization assay

In the present study, the Dil reagent kit was adopted to
finish the exosome internalization assay. In short, after
the ADSC-derived exosomes were successfully stained
by 1 uM Dil dyeing working solution, the Dil-stained
exosomes were co-cultured with EPCs for 48 h. Then,
all EPCs were fixed with polyformaldehyde and counter-
stained by DAPI solution. Finally, the EPCs were visu-
alized by a fluorescence microscope to determine the
number of internalized exosomes.

Gene sequencing of exosomes and bioinformatics analysis
After the miRNAs in ADSC-derived exosomes were
extracted and the miRNA library of exosomes was con-
structed using GenSeq® Small RNA Library Prep Kit
according to the producer’s instructions, the miRNA
products within the length range were selected through
fragment screening. The gene sequencing was performed
on the Illumina HiSeq sequencer (California, USA).
The Venn diagram among the miRanda (http://www.
microrna.org/microrna/getDownloads.do), RNAhybird
(https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid), Tar-
getscan (http://www.targetscan.org/vert_80/), and the
gene sequencing results was constructed to screen the
highest expressed miRNA in ADSC-derived exosomes.

Animals and cranial deficiency model

All 30 seven-week-age SD male rats (260-280 g) brought
from SiPeiFu Biotechnology (Beijing, China) were ran-
domly divided into six cages and were adaptively fed in
the Animal Experiment Center of Fuyang Hospital Affili-
ated to Anhui Medical University for two weeks. The Eth-
ics Committee of Fuyang Hospital Affiliated to Anhui
Medical University proved all animal experimental pro-
cedures with the ethical code, MDL2022-12-27-01. We
made efforts to minimize the number of animals utilized
and to decrease their suffering. The location of animals
and cages was unchanged until all experiments were fin-
ished to minimize potential confounders. The cranial
deficiency model was successfully established in line with
the previous study [26]. After rats were anesthetized by
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sodium pentobarbital (40 mg/kg) via intraperitoneal
injection and sterilized with iodophor in their forehead
skin, a sagittal incision with a diameter of about 2 cm was
conducted above the forehead. After the skin and skull
were carefully separated, a circular defect with a diam-
eter of approximately 4-5 mm was drilled on both sides
of the skull when the dura mater and brain tissue were
protected.

Preparation of hyaluronic acid (HA) gel-encapsulated
exosome

The preparation of HA gel-encapsulated exosomes in
this study was slightly altered in the light of the previous
study [27]. Briefly, after the hyaluronic acid powder was
dissolved into deionized water to prepare 1% HA solution
and the pH value of HA solution was adjusted by hydro-
chloric acid solution, the di-hydrazide adipate and car-
bodiimide hydrochloride were added one by one. Finally,
after the sodium bicarbonate solution was employed
to adjust the pH value to neutrality, the exosomes were
added into the HA solution to prepare HA gel with dif-
ferent concentrations (5 pug/mL and 20 pg/mL) of the
exosome.

Animal experiment protocol

According to the simple randomization procedure, all
experimental rats were stochastically divided into the fol-
lowing five groups (n=6): the blank, HA, HA + ADSCs,
HA+Exo-H (20 pg/mL), and HA+Exo-L (5 pg/mlL)
groups. Rats in all divided groups suffered from the
same surgical procedure, namely circular defects were
established on their skull. After triumphantly establish-
ing the cranial deficiency model, rats in the blank group
were implanted with nothing, but rats in other groups
were implanted with different materials into the cra-
nial defects. Briefly, rats in the model+HA group were
merely treated with hyaluronic acid (HA) gel, rats in the
HA +ADSCs were treated with the mixture of HA gel
and ADSCs, and rats in the HA + Exo-L and HA +Exo-H
group were respectively treated with the mixture of
HA gel and low-dose exosomes (5 pg/mL) or high-dose
exosomes (20 pug/mL). After finishing the treatment for
six weeks, all rats were anesthetized by sodium pentobar-
bital (40 mg/kg, i.p.) and sacrificed by the cervical dislo-
cation approach, and the skull tissue from the defect sites
was collected for subsequent studies. The work has been
reported in line with the ARRIVE guidelines 2.0.

Micro-CT analysis

The samples of rats’ skulls were scanned by adopting a
micro-CT system (Bruker, Germany) and imaged by Data
Viewer software (version 2.0). With the help of CtAn soft-
ware (version 10.0), the areas of regions of interest were
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extracted to contribute to further quantitative analysis of
bone mineral density (BMD), percent bone volume (BV/
TV), trabecular thickness (Tb.Th), and trabecular num-
ber (Tb.N) of skull samples. After that, the skull tissues
were harvested from rats that were anesthetized with
pentobarbital sodium and with euthanasia and adopted
for subsequent studies.

Hematoxylin and eosin (H&E) staining

After the skull tissues were immersed in the 4% polyfor-
maldehyde, they were decalcified by employing a 10%
EDTA solution. Then, the decalcified skull tissues were
embedded in paraffin to facilitate being cut into slices. All
4-pm thick slices were stained in hematoxylin for 5 min
before they were transferred into 0.5% eosin for a further
3 min. After finishing staining, all sections were visual-
ized to investigate the effects of ADSC-derived exosomes
on the pathological injury of defect sites.

Masson staining

All 2-pm thick slices of skull tissue were dewaxed and
chromized, they were successively transferred into hema-
toxylin for 10 min, ponceau for 10 min, 1% phospho-
molybdic acid solution for 5 min, aniline blue for 5 min,
and 1% glacial acetic acid for 1 min. Finally, all sections
were observed to investigate the effects of ADSC-derived
exosomes on the fibrosis of defect sites.

Immunohistochemical (IHC) staining

After the 2-um thick slices were successfully dewaxed,
they were first soaked in a citrate buffer solution to
repair antigens. Then, 5% bovine serum albumin was
adopted to prevent the non-specific binding for 30 min.
All sections were incubated with the primary antibodies
overnight at 4 C, including anti-ALP, anti-CD31, anti-
Col-1I, anti-OCN, anti-RUNX2, and anti-VEGFA, and
then incubated with corresponding second antibodies for
30 min at room temperature. All slices were visualized to
determine the effects of ADSC-derived exosomes on the
expression level of these proteins in skull tissue.

Cell transfection

The lentivirus transfectants of mimics control, miR-21-5p
mimics, inhibitors control, and miR-21-5p inhibitors
were adopted for transfection on ADSCs. By employing
the Lipofectamine 2000 reagent, the above three lentivi-
rus transfectants were successfully transfected after being
co-cultured with ADSCs for 48 h.

Cell experiment protocol

In the present study, the cell experiments were divided
into two parts. One part was to investigate the effects of
ADSC-derived exosomes on EPCs, and the other part
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was to explore the effects of exosomes extracted from
ADSCs with transfection on EPCs. According to the sim-
ple randomization procedure, the former was divided
into four groups, including the control, ADSCs, Exo-H
(20 pg/mL), and Exo-L (5 pg/mL) groups, and the lat-
ter was divided into five groups, embracing the control,
mimics control, miR-21-5p mimics, inhibitors control,
and miR-21-5p inhibitors groups. For the former part, in
the control group, there were only EPCs, but in the other
three groups, the ADSCs, low-dose exosomes (5 pg/mL),
and high-dose exosomes (20 pug/mL) were respectively
co-cultured with EPCs for 48 h. For the latter part, apart
from the control group, EPCs were co-cultured with
exosomes transfected by corresponding lentivirus trans-
fectants for 48 h in the mimics control, miR-21-5p mim-
ics, inhibitors control, and miR-21-5p inhibitors groups.

Cell viability assay

After the EPCs in each group were seeded into a 96-well
plate with a concentration of 3x10* cells/mL and suf-
fered from the corresponding treatments, EPCs were
incubated with 15 pL. CCK-8 solution at 37 C for a fur-
ther 2 h. Finally, the optical density values under 450 nm
of each group were recorded to determine the cell viabil-
ity of EPCs.

Wound healing assay

After the EPCs were seeded into a 6-well plate with a
concentration of 3 x 10° cells/mL for one night, a scratch
with the same breadth was performed on each group.
Then, the EPCs in each group suffered from the corre-
sponding treatments for 48 h. The images of the same
scratch site of each group were collected under a micro-
scope before and after treatments, and the migration
distances of EPCs in each group were quantified and
analyzed with the help of the Image J software (version
1.8.0.112).

Transwell assay

The EPCs were seeded into the upper chamber of the
24-well Transwell plates with a concentration of 3 x 10°
cells/mL. The culture medium, ADSCs, low-dose
exosomes (5 pg/mL), and high-dose exosomes (20 pg/
mL) were respectively added into the lower chamber of
the 24-well Transwell plates. After the co-cultivation for
48 h, the EPCs in the upper chamber were fixed with 4%
paraformaldehyde for 30 min and stained with crystal
violet for 10 min. Finally, the stained EPCs were visual-
ized by employing an optical microscope and analyzed by
the Image ] software.
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Tube formation assay

The Matrigel was firstly diluted with culture medium in
a proportion of 1: 3, and then the diluted Matrigel was
added to coat the plates. After the corresponding treat-
ments for 48 h were offered to EPCs, EPCs in each group
were seeded on the plates coated with Matrigel for 8 h.
Finally, the optical microscope was adopted to observe
and determine the tube formation of EPCs.

Dual-luciferase report

The binding sites between miR-21-5p and NOTCH1 were
first predicted with the help of miRDB (http://mirdb.
org/). The pmirGLO carriers loaded by the wild-type and
mutant-type sequence of NOTCH1 3'UTR (NOTCH1
3'UTR wt and NOTCH1 3’UTR mut) were provided by
Sangon Biotech (Shanghai, China). After the NC mimics
and miR-21-5p mimics were respectively transfected into
EPCs, the luciferase activity was measured.

RT-PCR

After the Trizol reagent was applied to extract the total
RNAs in EPCs, ADSCs, and ADSC-derived exosomes tri-
umphantly, with the help of the PCR system, the reverse
transcription kit and the QPCR reaction kit were used to
transcribe total RNAs into cDNAs reversely and achieve
the amplification of DNA. According to the cycle thresh-
old, the approach of 274t was adopted to calculate
the mRNA expression level of each gene. The employed
primer sequences are listed in Table 1.

Western blot

After the total proteins in EPCs and ADSC-derived
exosomes were extracted by RIPA lysis buffer. Then,
the protein samples denatured by boiling water were
loaded on the sodium dodecyl sulfate—polyacrylamide
gel for separation with the help of electrophoresis. After
that, the separated protein samples were transferred
to the polyvinylidene fluoride membranes. After the

Table 1 The primer sequence of all genes for RT-PCR
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membranes were blocked by 5% bovine serum albumin
for 1 h, they were further incubated with primary anti-
bodies, including anti-CD9, anti-CD63, anti-CD31, anti-
VEGEFA, anti-OCN, anti-RUNX2, anti-NOTCHI, and
anti-DLL4 at 4 C for one night, then were immersed
in the second antibodies for further 1 h at 37 ‘C. Before
imaging with the chemiluminescence instrument, the
membranes were stained by the enhanced chemilumines-
cence. The Image ] software was applied to analyze the
grayscale value of blots to determine the expression level
of proteins.

Statistical analysis

All experiments in vivo and in vitro were repeated
three times. All generated data in vivo and in vitro were
included in the statistical analysis. The experimental data
were analyzed by employing the GraphPad (v: 8.0.2) soft-
ware, expressed in the form of mean + standard deviation,
and presented in the form of a figure. After the Shapro-
Wilk testing was employed to determine the normal dis-
tribution of data, the least significant difference test was
used for pairwise comparisons between multiple groups.
P<0.05 means significant statistical differences.

Results

Identification and internalization of exosomes

After the particles were triumphantly extracted from
ADSCs, approaches of TEM, NTA, and Western blot
were adopted for the characterization of exosomes
together. As Fig. 1A shows, the extracted particles present
spherical structures with a concave center and a com-
plete cell membrane structure under the vision of TEM.
Meanwhile, the analysis results of the particle size distri-
bution detected by NTA suggested the average diameter
of extracted particles is 126 nm, which is in accord with
the diameter range of exosomes (Fig. 1B). In addition, as
Fig. 1C presents, the expression levels of exosomal mark-
ers, namely CD9 and CD63, in the extracted particles

Gene Forward Reverse
CD31 CACCGTGATACTGAACAGCAA GTCACAATCCCACCTTCTGTC
VEGFA CCCTGGCTTTACTGCTGTAC TCTGAACAAGGCTCACAGTG
OCN CCTCACACTCCTCGCCCTATT CCCTCCTGCTTGGACACAAA
RUNX2 ACTTCCTGTGCTCGGTGCT GACGGTTATGGTCAAGGTGA
miR-21-5p TCGCTCGAGATTTTTTTTTATCAAGAGGG TCGGCGGCCGCGACAAGAATG
AGACTTTAATC
NOTCH1 TCGGAGTGGACAGGTCAGTA AGATACACGCATCGTTCAGG
DLL4 TGCGGATAACCAACGACG GCCCACAAAGCCATAAGGAC
ue TCGGCGGCCGCGACAAGAATGAGACTTTAATC CGCTTCACGAATTTGCGTGTCAT
B-actin GAGAGGGAAATCGTGCGTGA GCCTAGAAGCATTTGCGGTG
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Fig. 1 The results of the identification and internalization of exosomes. The

were higher than those in ADSCs. As shown in Fig. 1D,
all EPC cells were stained in blue by the DAPI solution,
and ADSC-derived exosomes were stained in red by the
Dil solution. The ADSC-derived exosomes were accumu-
lated around EPC cells, suggesting the exosomes were
gradually internalized by EPC cells. All in all, the above
results indicated that the particles extracted from ADSCs
in this study belonged to exosomes and could be internal-
ized by EPC cells.

Effects of ADSC-derived exosomes on repairment of cranial
defects and micro-CT analysis results

After finishing the corresponding treatments for 6 weeks,
the status of cranial defects in each group was recorded,
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). The particle size

detected, and evaluated before collecting skull tissues
with the help of a camera and micro-CT analysis. As
Fig. 2A, B illustrate, there is almost no new bone for-
mation in the cranial defects of the blank group, there
is slight new bone formation in the cranial defects of
the HA and HA+ADSCs groups, and there is mas-
sive new bone formation in the cranial defects of the
HA+Exo-L and HA+Exo-H groups. Moreover, based
on the micro-CT analysis, the bone-related parameters
in each group, including BMD, BV/TV, Tb.Th, and Tb.N,
present the same altered tendency. As Fig. 2C—F shows,
there is no significant difference of the above four param-
eters between the blank group and the HA group. Com-
pared with the blank group, the levels of the above four
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Fig. 2 Effects of ADSC-derived exosomes on repairment of cranial defects and micro-CT analysis results. The images of cranial defects in each
group before collecting skull tissues (A). The 3D reconstruction images of cranial defects in each group from the frontal and lateral positions (B).
The statistical analysis of bone-related parameters based on the micro-CT analysis, embracing BMD (C), BV/TV (D), Tb.Th (E), and To.N (F) (n=3). All
generated data were included in the statistical analysis. ~/""p < 0.0001/0.001/0.01 vs. Blank

parameters were all dramatically up-regulated in the
HA +ADSCs, HA +Exo-L, and HA+Exo-H groups. It
indicated that ADSC-derived exosomes accelerate the
repairment of cranial defects.

Effects of ADSC-derived exosomes on the histopathology
and fibrosis of cranial defect tissues

As the restorative effects of ADSC-derived exosomes on
cranial defects have been preliminarily confirmed, the
H&E staining and Masson staining were further adopted
to further evaluate the effects of ADSC-derived exosomes
on cranial defects from the level of histology. Illustrated
in Fig. 3A, the nascent vascular and bone tissues in the

blank group were the least compared with the other
intervention groups. Meanwhile, the further administra-
tion of ADSCs and ADSC-derived exosomes contributed
to repairing cranial defects, among which the high-dose
of exosomes possessed the strongest therapeutic ability
on cranial defects. Moreover, as Fig. 3B displays, the blue
stained parts represent the newly formed bone tissues
and the red stained parts represent the mature bone tis-
sues. The results of Masson staining indicated that there
was no significant difference in the area of blue stained
parts between the blank and HA groups. The area of
blue stained parts in the HA + ADSCs, HA + Exo-L, and
HA +Exo-H groups were larger than those in the blank
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Fig. 3 Effects of ADSC-derived exosomes on the histopathology and fibrosis of cranial defect tissues. The representative images of H&E staining
of cranial defect tissues with the magnification of 20xand 100X (A). The representative images of Masson staining of cranial defect tissues

with the magnification of 20xand 100 x (B)

or HA group. The above results collectively suggested
that ADSC-derived exosomes facilitate the repair of cra-
nial defects by accelerating the revitalization of vascular
and bone tissues.

Effects of ADSC-derived exosomes on the expression

of related genes and proteins in cranial defect tissues

Due to the above results of histological staining dem-
onstrating the therapeutic effects of ADSC-derived
exosomes on cranial defects, we next determine the
expression of genes and proteins related to the revitali-
zation of vascular and bone tissues to further investigate
the effects of ADSC-derived exosomes at the molecular
level. As Fig. 4A-E shows, the results of IHC indicated
that the expression levels of related proteins (includ-
ing CD31, VEGFA, OCN, and RUNX2) all elevated in
the HA+ADSCs, HA +Exo-L, and HA +Exo-H groups
compared with the blank group. In addition, the RT-PCR
and Western blot technologies were adopted to deter-
mine the gene and protein expression levels of CD31,
VEGFA, OCN, and RUNX2 in cranial defect tissues. As
Fig. 5A-1 present, compared with the blank group, the
gene and protein expression levels of the above indicators

were both significantly up-regulated, among which the
gene and protein expression levels of all indicators in the
HA + Exo-H group are the highest.

Effects of ADSC-derived exosomes on the cell viability,
migration, invasion, and tube formation of EPCs

Owing to the therapeutic effects of ADSC-derived
exosomes on cranial defects having been confirmed
in vivo, we further determined the effects of ADSC-
derived exosomes on EPCs in vitro. As Fig. 6A—G pre-
sents, the altered tendencies of cell viability, migration,
invasion, and tube formation of EPCs were the same
after being co-cultured with ADSCs or treated by ADSC-
derived exosomes. The cell viability, relative migration
rate, number of invaded cells, and number of tube forma-
tions in the ADSCs, Exo-L, and Exo-H groups were all
significantly elevated compared with those in the control
groups. The above results suggested that the co-cultiva-
tion with ADSCs and the incubation with ADSC-derived
exosomes both improved the cell viability, migration abil-
ity, invasion ability, and tube formation ability of EPCs
in vitro.
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OCN (D), and RUNX2 (E) in cranial defect tissues (n=3). All generated data were included in the statistical analysis.

Blank

Effects of ADSC-derived exosomes on the expression

of related genes and proteins in EPCs

Since the improvement effects of ADSC-derived
exosomes on the cell viability, migration ability, inva-
sion ability, and tube formation ability of EPCs has
been verified, we further investigate the effects of
ADSC-derived exosomes on EPCs in vitro at the molec-
ular level by employing RT-PCR and Western blot
technologies. As Fig. 7A—E show, the gene and protein
expression levels of angiogenesis-related genes in EPCs,
embracing CD31 and VEGFA, both were prominently
up-regulated when co-culturing with ADSCs or ADSC-
derived exosomes compared with those in the control
group. The above results further suggest angiogenesis is
involved in the effects of ADSC-derived exosomes on
EPCs.

wrnx prnx frn

p<0.0001/0.001/0.01 vs.

Identification of the miRNA with the highest expression
level in ADSC-derived exosomes and its downstream
target

So far, the effects of ADSC-derived exosomes on cranial
defect tissues in vivo and EPCs in vitro have already been
demonstrated, but which miRNAs are involved in these
regulations is thought-provoking. The miRNAs with
high expression in ADSC-derived exosomes were first
determined with the help of gene sequencing. As Fig. 8A
presents, 20 kinds of miRNAs are highly expressed in
ADSC-derived exosomes, among which the expression
level of miR-21-5p is the highest. As Fig. 8B shows, the
results of the Venn diagram showed that there were 17
same miRNAs among the miRanda, RNAhybird, Tar-
getscan, and our gene sequencing results, in which
include miR-21-5p. The expression levels of miRNAs in
the top five in ADSCs and ADSC-derived exosomes as
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Fig. 5 Effects of ADSC-derived exosomes on the expression of related genes and proteins in cranial defect tissues. The statistical analysis
of the gene expression level of CD31 (A), VEGFA (B), OCN (C), and RUNX2 (D) in cranial defect tissues (n=6). The representative images of protein
blots of CD31, VEGFA, OCN, RUNX2, and 3-actin in cranial defect tissues (E). The statistical analysis of the protein expression level of CD31 (F), VEGFA

(G), OCN (H), and RUNX2 (1) in cranial defect tissues (n=3). All generated data were included in the statistical analysis.

vs. Blank

well as the expression level of miR-21-5p in EPCs after
co-culturing with ADSCs or ADSC-derived exosomes
were respectively determined by employing RT-PCR
technology. As Fig. 8C shows, the expression of the top
five miRNAs, namely miR-21-5p, let-7i-5p, let-7b-5p,
let-7c-5p, and miR-26a-5p were all detected in ADSCs
and ADSC-derived exosomes, among which the expres-
sion level of miR-21-5p in ADSC-derived exosomes was
the highest. Meanwhile, as Fig. 8D illustrates, after the
co-cultivation with ADSCs or ADSC-derived exosomes,

R AR 1

p<0.0001/0.001/0.01

the expression level of miR-21-5p in EPCs was dramati-
cally up-regulated, and the expression level of miR-21-5p
in EPCs after co-culturing with ADSC-derived exosomes
was higher. The above results indicated that miR-21-5p
was the miRNA with the highest expression level in
ADSC-derived exosomes. With the help of the dual-lucif-
erase report experiment, the downstream target of miR-
21-5p was identified. As shown in Fig. 8E, there were
potential binding sites between 3’-UTR in NOTCH1
and miR-21-5p. In addition, as Fig. 8F shows, although



Cao et al. Journal of Translational Medicine ~ (2024) 22:1009 Page 12 of 21

A 250

200+
150

100

Cell Viability (% of Control)
g
1

<
I

Relative migration rate

150

Number of invaded cells

F
Conti
' G
Oh E
24h &

Fig. 6 Effects of ADSC-derived exosomes on the cell viability, migration, invasion, and tube formation of EPCs. The statistical analysis of cell viability
of EPCs (A) (n=6). The representative images of wound healing assay of EPCs (B). The statistical analysis of the relative migration rate of EPCs (C)
(n=6). The representative images of transwell assay of EPCs (D). The statistical analysis of the number of invaded EPCs (E) (n=6). The representative
images of tube information assay of EPCs (F). The statistical analysis of number of tube formation of EPCs (G) (n=6). All generated data were
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included in the statistical analysis. p<0.0001/0.001/0.01 vs. Control

the miR-21-5p mimics could not influence the fluores- of NOTCH1 3'UTR wt. The above results indicated
cence intensity of NOTCH1 3'UTR mut, the miR-21-5p  that NOTCHI1 was the potential downstream target of
mimics significantly reduced the fluorescence intensity =~ miR-21-5p.
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Fig. 8 Identification of the miRNA with the highest expression level in ADSC-derived exosomes and its downstream target. The results

of the top twenty miRNAs with high expression in the ADSC-derived exosomes were detected by gene sequencing (A). The Venn diagram

among the miRanda, RNAhybird, Targetscan, and our gene sequencing results (B). The statistical analysis of the expression level of the top five
miRNAs (i.e., miR-21-5p, let-7i-5p, let-7b-5p, let-7c-5p, and miR-26a-5p) with high expression in ADSCs and ADSC-derived exosomes (C) (n=6).

The statistical analysis of the gene expression level of miR-21-5p in EPCs (D) (n=6). The predicted results of the binding site between miR-21-5p
and NOTCH?1 (E). The results of the dual-luciferase report experiment between miR-21-5p and NOTCH1 (F) (n=3). All generated data were included
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Effects of miR-21-5p in ADSC-derived exosomes

on the migration and tube formation of EPCs

The RT-PCR technology was first adopted to deter-
mine whether the control oligonucleotide, miR-21-5p
mimics, and miR-21-5p inhibitors were successfully
transfected into ADSC-derived exosomes. As Fig. 9A
displays, compared with the mimics control or inhibi-
tors control group, the relative expression level of
miR-21-5p in ADSC-derived exosomes was promi-
nently up-regulated in the miR-21-5p mimics group
but was memorably down-regulated in the miR-21-5p

p<0.001 vs. the first group

inhibitors group. The above results suggested that all
transfectants were successfully transfected into ADSC-
derived exosomes. After that, we investigate the effects
of miR-21-5p in ADSC-derived exosomes on the migra-
tion and tube formation of EPCs. The altered tenden-
cies of migration and tube formation of EPCs after
co-culturing with exosomes incubated with different
transfectants were the same as those of the expression
level of miR-21-5p above. As Fig. 9B—E present, the rel-
ative migration rate and the number of tube formations
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Fig. 9 Effects of miR-21-5p in ADSC-derived exosomes on the migration and tube formation of EPCs. The statistical analysis of the expression

level of miR-21-5p in EPCs after transfection (A) (n=6). The representative images of wound healing assay of EPCs after transfection (B). The
statistical analysis of the relative migration rate of EPCs after transfection (C) (n=6). The representative images of tube information assay of EPCs
after transfection (D). The statistical analysis of the number of tube formation of EPCs after transfection (E) (n=6). All generated data were included
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were significantly elevated because of transfecting miR-  inhibitors. The above results imply that miR-21-5p in

21-5p mimics ADSC-derived exosomes but were sub- ADSC-derived exosomes plays an essential role in pro-

stantially declined since the transfection of miR-21-5p  moting the ability of migration and tube formation of
EPCs.
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Effects of miR-21-5p in ADSC-derived exosomes

on the NOTCH1/DLL4/VEGFA signaling pathway of EPCs
The effects of miR-21-5p in ADSC-derived exosomes on
the NOTCH1/DLL4/VEGFA signaling pathway of EPCs
were further investigated because it has been affirmed
that NOTCHI1 was the potential downstream target of
miR-21-5p. The gene and protein expression levels of
VEGFA, NOTCH]1, and DLL4 of EPCs after co-culturing
with exosomes transfected with miR-21-5p mimics or
miR-21-5p inhibitors were determined by RT-PCR and
Western-blot technologies, respectively. As Fig. 10A, E
present, the gene and protein expression levels of VEGFA
of EPCs were dramatically up-regulated after transfect-
ing with miR-21-5p mimics and were significantly down-
regulated after transfecting with miR-21-5p inhibitors.
Moreover, as shown in Fig. 10B, C, F, G, the gene and
protein expression levels of NOTCHI1 and DLL4 were
prominently down-regulated after transfecting with
miR-21-5p mimics and were substantially up-regulated
after transfecting with miR-21-5p inhibitors. The above
results demonstrated that miR-21-5p in ADSC-derived
exosomes promoted bone repair by regulating the
NOTCH1/DLL4/VEGFA signaling pathway.

Discussion

In recent years, bone tissue engineering based on scaf-
folds, factors, and stem cells has gradually become
a hot topic in repairing and treating bone defects
[28]. Exosomes in stem cells, a kind of small membrane
bubbles containing cell-specific proteins, lipids, and
nucleic acids, have been demonstrated to regulate the
microenvironment of angiogenesis to accelerate bone
repair [29, 30]. One previous study indicated that human
serum-derived exosomes up-regulated the expression
of CD31 to promote angiogenesis, contributing to bone
regeneration [31]. It was also reported that mesenchy-
mal stem cell-derived exosomes enhanced osteogenesis
reflected by up-regulating the expression of osteogenesis-
related markers OCN and RUNX2 [32]. Although many
studies have proved the promoted effects of exosomes
derived from different cells on angiogenesis and osteo-
genesis, studies on the effects and mechanisms of ADSC-
derived exosomes on angiogenesis to promote bone
repair are still few. In addition, it was demonstrated that
EPC induces angiogenesis and vascular repair to enhance
bone fracture healing by differentiating into mature
endothelial cells [33]. Therefore, this study investigated
the effects of ADSC-derived exosomes on angiogenesis
in vivo and on EPCs in vitro. The present study’s find-
ings confirmed that ADSC-derived exosomes promoted
angiogenesis to accelerate bone repair by enhancing
the activity of EPCs. In vivo, ADSC-derived exosomes
enhanced the revitalization of bone tissue, up-regulated
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the gene and protein expression levels of CD31, VEGFA,
OCN, and RUNX2, and promoted the repairment of
cranial defects, indicating promoted new bone forma-
tion by promoting angiogenesis at cranial deficiency sites
to enhance osteoblast activity. In vitro, ADSC-derived
exosomes promoted cell viability, migration, invasion,
tube formation, and expression of growth factors (includ-
ing CD31 and VEGFA) that promote angiogenesis in
EPCs, suggesting ADSC-derived exosomes facilitated the
potentiality of angiogenesis of EPCs. Moreover, the pre-
vious study has affirmed that ADSC-derived exosomes
regulate angiogenesis by the miR-146a-5p/JAZF1 axis in
human umbilical vein endothelial cells (HUVECs) [34].
Compared with this study, our study innovatively dem-
onstrated the effects and mechanisms of ADSC-derived
exosomes on EPCs.

The effects of ADSC-derived exosomes on HUVECs
may be original from their effects on EPCs because EPC
induces angiogenesis and vascular repair by differenti-
ating into mature endothelial cells [33]. In addition, the
number of administrated ADSCs is a critical factor in this
study. The bone repair effects will be weakened if insuf-
ficient ADSCs are treated, leading to the comparison in
the effects on bone repair between ADSCs and exosomes
becoming invalid. Meanwhile, the excessive ADSCs may
induce adipose tissue formation around the bone repair
region, resulting in the delay of bone repair progression.
In this study, we observed a potentially interesting phe-
notype, namely the adipose tissue formed in the bone
repair region of the HA + ADSCs group (seen in Fig. 4A).
The formed adipose tissue may affect the local blood sup-
ply and secrete various cytokines to mediate inflamma-
tory response during bone healing, retarding the bone
repair progression [35, 36]. Therefore, we consider those
are the reasons why exosome-based treatments are supe-
rior to ADSC transplantation in bone repair. Certainly,
we believe that the mechanisms by which exosome-based
treatments are superior to ADSC transplantation deserve
further exploration.

Although the effects of ADSC-derived exosomes on
angiogenesis in vivo and in vitro were confirmed in this
study, their mechanisms were still unclear. Therefore,
in the subsequent studies, the mechanisms of ADSC-
derived exosomes in promoting angiogenesis were fur-
ther investigated. It was reported that miRNAs contained
in exosomes participate in regulating the biological
activity of target cells by specifically binding to the mes-
senger RNA to regulate the translation of proteins [37].
Some previous studies demonstrated that different miR-
NAs, such as miR-21-3p, miR-126-3p, and miR-519-3p,
derived from various kinds of cells all improved angio-
genesis [38-41]. Moreover, previous studies affirmed
that miR-181b-5p and miR-126-3p in ADSC-derived
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Fig. 10 Effects of miR-21-5p in ADSC-derived exosomes on the NOTCH1/DLL4/VEGFA pathway in EPCs. The statistical analysis of the gene
expression level of VEGFA (A), NOTCH1 (B), and DLL4 (C) in EPCs (n=6). The representative images of protein blots of HIF-1a, VEGFA, NOTCH1, DLL4,
and B-actin in EPCs (D). The statistical analysis of the protein expression level of VEGFA (E), NOTCH1 (F), and DLL4 (G) in EPCs (n=3). All generated
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exosomes were respectively conducive to the angiogen-
esis of brain microvascular endothelial cells and human
umbilical vein endothelial cells, which were reflected as
up-regulating the expression of HIF-1la and VEGFA [42,
43]. However, there were few studies investigated the
effects of miR-21-5p in ADSC-derived exosomes on angi-
ogenesis. Therefore, in the present study, we innovatively
investigated the effects of miR-21-5p in ADSC-derived
exosomes on angiogenesis. The gene sequencing of
exosomes, bioinformatics analysis, and RT-PCR collec-
tively affirmed that miR-21-5p was the highest expressed
in ADSC-derived exosomes. The expression level of miR-
21-5p in EPCs was also dramatically up-regulated after
co-culturing with ADSC-derived exosomes. In addition,
the migration and tube formation of EPCs were up-regu-
lated and down-regulated after co-culturing with ADSC-
derived exosomes transfected with miR-21-5p mimics or
miR-21-5p inhibitors. Although the discovered miRNA
in ADSC-derived exosomes that could enhance angio-
genesis in this study was different from the previous stud-
ies, the above results also demonstrated that miR-21-5p
of ADSC-derived exosomes played an essential role in
promoting angiogenesis.

The NOTCH signaling pathway participates in mul-
tiple steps of angiogenesis, playing a crucial role in the
occurrence and development of ischemic cardiovas-
cular and cerebrovascular diseases, tumors, and bone
defects [44—47]. Moreover, the overexpression of VEGFA
regulated by the NOTCH signaling pathway increases
endothelial cell proliferation, migration, and angiogen-
esis [48]. Meanwhile, the DLL4 protein, an important
receptor of the NOTC1, also contributes to regulating
biological processes, such as angiogenesis [49]. Besides,
the effects of the NOTCH1/DLL4 signaling pathway on
angiogenesis vary depending on different situations. It
has been affirmed that the activation of the NOTCH1/
DLL4 signaling pathway promoted angiogenesis during
embryonic vascular development [50]. However, in the
progression of cancers and bone repair, the activation of
the NOTCH1/DLL4 signaling pathway inhibited their
angiogenesis [27, 51]. In addition, the previous studies
affirmed that exosome-derived miR-148b-3p inhibited
the expression of NOTCH1 and DLL4 to promote angio-
genesis, alleviating cerebral ischemia injuries [52]. It was
demonstrated that exosome-derived miR-424-5p also
negatively regulated the NOTCH1/DLL4 signaling path-
way to facilitate angiogenesis, enhancing endometrial
injury repair [53]. However, the effects of miR-21-5p in
ADSC-derived exosomes on the NOTCH1/DLL4 sign-
aling pathway are still unclear. Therefore, after the role
of miR-21-5p of ADSC-derived exosomes in promoting
angiogenesis was proved, the effects of miR-21-5p on the
NOTCH1/DLL4/VEGEFA signaling pathway in EPCs after
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co-culturing with ADSC-derived exosomes transfected
with miR-21-5p mimics or miR-21-5p inhibitors were
further investigated. The predicted results of miRDB and
the experimental results of the dual-luciferase report col-
lectively indicated that NOTCH1 was the downstream
target of miR-21-5p. Meanwhile, the results of RT-PCR
and Western blot also indicated that the overexpression
of miR-21-5p up-regulated the gene and protein expres-
sion levels of VEGFA and down-regulated the gene and
protein expression levels of NOTCH1 and DLL4, and the
down-regulation of miR-21-5p down-regulated the gene
and protein expression levels of VEGFA and up-regulated
the gene and protein expression levels of NOTCHI and
DLLA4.

Our results demonstrated that the inhibition of the
NOTCH1/DLL4 signaling pathway contributes to pro-
moting angiogenesis, which is consistent with previous
studies mentioned above. Meanwhile, our results also
innovatively confirmed that overexpressing miR-21-5p
in ADSC-derived exosomes inhibited the expression
of NOTCHI1 and DLL4 and activated the expression of
VEGFA to promote angiogenesis. In addition, previous
studies indicated that VEGFA induces the expression of
NOTCHI1 and DLL4 in endothelial cells, but overexpress-
ing DLL4 in endothelial cells weakens VEGFA-induced
cell proliferation and migration, suggesting that VEGFA
is a positive regulator of DLL4 and DLL4 is a nega-
tive regulator of VEGFA [54, 55]. In the present study,
the effects of miR-21-5p in ADSC-derived exosomes
on DLL4 and VEGFA were the opposite. Therefore, we
consider that VEGFA serves as the downstream regula-
tor of DLL4 during the progression that miR-21-5p in
ADSC-derived exosomes promotes angiogenesis. The
above results indicated that miR-21-5p of ADSC-derived
exosomes promoted angiogenesis by regulating the
NOTCH1/DLL4/VEGFA signaling pathway. Although
one previous study has demonstrated that ADSC-derived
exosomal miR-21 promoted vascularization by up-regu-
lating VEGE, this study further clarifies the essential role
of ADSC-derived exosomal miR-21-5p in angiogenesis
and the effects of miR-21-5p in promoting angiogenesis
by regulating the NOTCH1/DLL4/VEGFA pathway [56].

So far, in this study, it was affirmed that the miR-
21-5p of ADSC-derived exosomes promoted angiogen-
esis of EPCs to accelerate bone repair by targeting the
NOTCH1/DLL4/VEGEFA signaling pathway, providing a
novel insight for the clinical treatment of bone defects.
However, there are still some limitations in the present
study. One limitation was that the effects of miR-21-5p
of ADSC-derived exosomes in promoting angiogenesis
to accelerate bone repair by regulating the NOTCH1/
DLL4/VEGFA signaling pathway in vivo were not inves-
tigated. Therefore, the related investigation in vivo should
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be conducted in the subsequent studies to sufficiently
confirm the findings of this study. Another limitation
was that the reason why the expression level of miR-
21-5p in EPCs increased after co-culturing with ADSC-
derived exosomes was not confirmed. We inferred that
the increase in the expression level of miR-21-5p in EPCs
might be attributed to the direct transfer from ADSC-
derived exosomes because it was proved that the expres-
sion level of miR-21-5p in ADSC-derived exosomes was
the highest in this study. However, the increase in the
expression level of miR-21-5p in EPCs might be also
attributed to the regulation of some long non-coding
RNAs (IncRNAs) in exosomes or EPCs. The biomolecules
contained in exosomes, especially for IncRNAs and miR-
NAs, play an essential role in intercellular communica-
tion, mediating multiple complex pathological processes
of bone defects [57, 58]. Therefore, the effects of the
IncRNA-miRNA-mRNA regulatory network mediated by
ADSC-derived exosomes on EPCs could be further inves-
tigated in subsequent studies. In addition, it was reported
that miR-21-5p also was one effective target in alleviating
ferroptosis [59]. Meanwhile, the previous study indicated
that ferroptosis and abnormal iron metabolism were the
significant pathogenesis of osteoporosis [60]. Therefore,
we believe that miR-21-5p is of great application value for
the clinical treatment of multiple bone-related diseases,
and its related mechanisms deserve further research.

Conclusion

Taken together, it was affirmed that the miR-21-5p of
ADSC-derived exosomes promoted angiogenesis of EPCs
to accelerate bone repair by targeting the NOTCH1/
DLL4/VEGFA signaling pathway, providing a novel
insight for the clinical treatment of bone defects.
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